The PTC is highly conserved; nevertheless, variability indicate that remote interactions determine the prein its structure was observed and it appears that PTC cise orientation of tRNA in the peptidyl-transferase conformation may depend on several parameters, incenter ( 
Here, we report the three-dimensional structures of complexes of D50S with substrate analogs mimicking Sparsomycin is a potent ribosome-targeted inhibitor that acts on all cell types, including Gram-positive bacthe tRNA acceptor stem, the A-site tRNA CCA 3Ј end, the antibiotic sparsomycin, and a combination of the teria and archae that are highly resistant to most antibiotics (Goldberg and Mitsugi, 1966; Vazquez, 1979;  tRNA acceptor-stem mimic and sparsomycin (ASM/ SPAR). Analysis of these structures elucidated the bindCundliffe, 1981). In contrast to ribosome-targeted drugs, sparsomycin does not produce clear footprints on the ing modes of the substrate analogs and the inhibitors, illuminated dynamic elements in the PTC, indicated the 23S rRNA (Moazed and Noller, 1991 Binding tRNA molecules to crystalline D50S led to a severe decrease in resolution. However, only a minor sparsomycin (Lazaro et al., 1996; Tan et al., 1996) , and crosslinks studies with sparsomycin derivatives were resolution change was observed in D50S crystals soaked in solutions containing tRNA acceptor stem localized at A2602 (Porse et al., 1999) .
Despite the wealth of biochemical information and the mimics. The largest among these, ASM, is an RNA chain long ‫7.4ف(‬ Å ) for van der Waals contacts or for the mation of both A and P sites, presumably via its contacts with A2602. This base undergoes the largest conformaformation of hydrogen bonds, the proximity of sparsomycin to these nucleotides may influence protein biotional rearrangements upon substrate and sparsomycin binding ( Figure 3D ), and since it is located in the center synthesis, as they were shown to be involved in peptidebond formation (Moazed and Noller, 1989; Green et al., of the PTC and possesses unusual inherent flexibility, it seems to induce significant conformational re-1997).
Sparsomycin appears to significantly alter the conforarrangements in the PTC. Among the nucleotides that (Table 2 ). 3B. Although ASM in the ASM/SPAR complex is placed closer to the P site than ASM alone, in both complexes A2602 is the PTC nucleotide that undergoes the largest conformational changes upon binding of sub-ASM makes a comparable number of contacts with 23S RNA. However, ASM/SPAR maintains only 11 out of the strates or inhibitors. As a consequence, it has a different orientation in each of the complexes studied by us or 21 ASM interactions (Table 2) . Two additional contacts of ASM/SPAR involve bases that interact with ASM, but by others ( Figure 3D ). In the complex of ASM with D50S, A2602 has similar conformations to that of the D50S in a different fashion. Among the contacts common to ASM and ASM/SPAR is the base pair C34 (tRNA C75) native structure. In both, it is located in the middle of the PTC, within contact distance with ASM and the docked with G2553. Interactions unique to ASM/SPAR are with H89 and the PTC region between H74 and H89. Since tRNAs. In the ACCP/D50S complex, it also points into the PTC center but has a slightly different orientation. the ASM/SPAR structure was determined using crystals obtained by soaking D50S/SPAR crystals in solutions
In (Table 1) . While rotating, RM interacts with the inherent 2-fold symmetry within the active site of the bases of nucleotides C2573, A2451, C2452, and C2493 ribosome, a particle that appears to lack any other interand slide along G2494 phosphate, the position of which nal symmetry, and the high sequence conservation of is stabilized by the adjacent A-minor motif with H39 and the PTC rear-wall nucleotides (defined in Figure 4C) , a noncanonical base pair with U2457. At the P site, the led us to suggest a simple machinery for peptide-bond RM is positioned so that its C74 interacts with 2601-3, formation, translocation, and the entrance of nascent C75 is base paired with G2251, and A76 interacts with proteins into the exit tunnel. According to this mecha-G2063, A2450, and U2585. Although initially we treated nism, the tRNA A-to P-site passage involves two indethe RM as a rigid body, in subsequent examinations pendent motions: a spiral rotation of ‫081ف‬Њ of the A-site we allowed deviations from rigidity, consistent with the tRNA-3Ј end, performed in conjunction with peptideknown flexibility of tRNA-3Ј ends. We found that the bond formation, and A-to P-site translation of the tRNA guidance of the rear-wall nucleotides together with acceptor stem. In support of sovereign motions of tRNA the front anchoring restrict the possible motions of the structural features is the suggested hybrid-state translo-RM nucleotides and limit their flexibility. cation mechanism ( unit interface: A2602, whose N1 atom sits on the 2-fold The approximate 2-fold axis is located at the PTC axis and is within contact distances to tRNA-A73 center. It relates backbone fold and nucleotide conforthroughout the rotation, and U2585, located below mation of two groups of at least seventeen nucleotides A2602, with its O4 close to the 2-fold axis and its base each ( Figure 4A ), the majority of which are located in interacting with the rotated A76. We found that the space the PTC upper rims. These nucleotides form two belts, available for A2602 throughout the motion can accomeach held at one end by a double helix (H89 and H93). modate its various conformations ( Figures 3D and 4B ), One group includes five A-loop nucleotides, most of and it is conceivable that A2602 conformational changes helix H93, and two nucleotides from domain V central are synchronized with the RM rotation. The T70S crystal loop. The second group contains the equivalent P loop structure (Yusupov et al., 2001 ) hints that tRNA-A73 is nucleotides, part of helix H89, and two nucleotides on translated from A to P site together with tRNA acceptor the opposite side of domain V central loop. We defined stem, implying that the rotated moiety is C74-A76 rather the core of the symmetry-related region as the space than A73-A76. Our suggested motion holds for this case, located within 14 Å from the 2-fold axis and found that but this rotating moiety will not be anchored to A2602, most of the nucleotides within this core are highly conand the rotation will be simultaneous with the acceptor served.
stem translation. The P-O3Ј bond between the single-strand 3Ј end and the helical acceptor stem (tRNA 72-73) of the docked A Unified Ribosomal Machinery A-site tRNA and of ASM nearly overlaps the 2-fold axis.
Besides facilitating translocation, an additional biologiWe therefore defined the rotating moiety (RM) as the cal implication of the suggested motion is a mild push entire single-strand 3Ј end, namely tRNA bases 73-76. of the nascent chain into the exit tunnel, likely to assist We found that the PTC 2-fold related environments allow its progression. Thus, the P-site nucleotides G2251 and similar, albeit not identical, interactions with the 3Ј ends A2450 that interact with the P-site tRNAs C75 and A76, of the A-and the P-site tRNAs. We observed that the respectively, are located at the bottom of the PTC in a A-site base pair shared by all known structures, A-tRNAconfiguration ensuring that the translocation motion into C75 to G2553, can be formed in the symmetry-related the P site will deliver the peptidyl to the tunnel entrance. region, with G2251, and the derived P-site tRNA can
The most significant biological implication of the interact with the PTC in a manner consistent with most 2-fold rotation is the favorable geometry between the of the available biochemical data (Green et al., 1997) . is determined by the positioning of the tRNA helical stem, rather than by its 3Ј end. Remote interactions with
